Results of using vibration-based methods to detect gear tooth fatigue cracks are
The vibration signal from a total of three tests was monitored and recorded for gear fault detection research. The damage consisted of complete rim fracture on the two thin rim gears and single tooth fracture on the standard full rim test gear. Vibration-based fault detection methods were applied to the vibration signal both on-line and after the tests were completed. The objectives of this effort were to identify methods capable of detecting the fatigue crack, and determine how far in advance of total failure positive detection was given. Results showed that the fault detection methods failed to respond to the fatigue crack prior to complete rim fracture in the thin rim gear tests. In the standard full rim gear test all of the methods responded to the fatigue crack in advance of tooth fracture; however, only three of the methods responded to the fatigue crack Runs 1 and 2 used the thin rim gear geometry illustrated in Fig. 1 . Crack length, as recorded by the crack gages, is plotted as a function of run time for run 1 in Fig. 3 . The first hour was the break-in period, thus the crack started on the rear side only at approximately 1.75 hours after full load was applied. As seen in this figure, the crack gages cover approximately the first 50% of the total crack length to failure. For runs 1 and 2, failure is defined as the complete fracture of the gear rim, as seen in Fig. 1 . The lines connecting the last crack gage points to failure is for reference purposes only.
Due to instrumentation problems the crack gages did not function correctly for run 2, and no crack length plot is available.
Run 3 used the full rim gear geometry illustrated in figure 2. Crack length is plotted as a function of run time for run 3 in figure 4 . The break-in period is not included in this plot, thus the crack started shortly after the full load was applied. In this run, the crack gages cover only the first 18% of the total crack length to failure. For run 3 failure is defined as complete fracture of the tooth, as seen in figure 2. Although the crack gages only cover 18% of the total crack length, they cover 75% of the time from the start of the crack to failure. Two regions can be seen in figure 4, All of the gear fault detection methods reacted to the fatigue crack prior to complete tooth fracture in the full rim spur gear test. The plots in Fig. 7 do not include the initial one hour break-in period for run 3. Each of the parameters are plotted as a function of run time, and as a function of crack length (top of plot). As seen in Fig. 7 , all of the parameters react substantially to the crack in the region of accelerated crack growth. As stated earlier this is the region where the last 82% of total crack length is achieved in only 25% of the total crack growth time. Of the normalized, nondimensional parameters, NB4 peaks at a value of 107, the kurtosis of the energy operator peaks at 32, NA4 peaks at 17, and FM4 peaks at a value of 5. All of these parameters are referenced to the value of 3 under nominal conditions. Although all of the methods were able to detect the crack during the last stage of crack propagation in run 3, more advanced warning of the crack is needed for this potentially catastrophic event. As seen in Fig. 7, NA4 (Fig. 7(b) ), NB4 (Fig. 7(c) ), and the kurtosis of the energy operator ( Fig. 7(f)) are the only parameters that show an increasing trend above the nominal value during the first phase of crack propagation. A method of establishing an exceedance level was used to determine relative warningtimesfor the threeparameters. This methodusesa valueof five standarddeviations over the meanvaluefor the exceedance level, wherethe meanlevel andstandarddeviation arebasedonthe dataprior to crackgrowth [9] . As seenin Fig. 7(f) , basedonthis exceedance level, thekurtosisof theenergyoperatorgivesthe earliestwarningof damage. It reaches the exceedance level at 0.083hours,or at 46% of the total crack propagationtime, at which the crack hasonly advanced to approximately7%of its total length.As seenin Figs.7(b) and(c),NA4 andNB4 reach the exceedance level at 0.111hours,or at 62%of total crackpropagationtime, atwhich the crack hasonly advanced to approximately11%of its total length.Thewarningtimesbasedon thesethree parameters are nearlytwice aslong asthatgivenby the otherfault detectionmethods. In addition, NA4, NB4, andkurtosis of the energyoperatorwere able to detectthe crack during the more moderatecrackgrowthrateregion.
The additionalcomplianceassociated with the thin rim gearsalongwith the geometryof these gears may have inhibited the parameters from detecting the fatigue crack in runs 1 and 2. Figure 8 plots the frequency spectrum of the first data point after the break-in period for each run. The spectrums from the thin rim gear tests, Figs. 8(a) and (b), show a more complex frequency distribution as compared to the spectrum from the full rim gear test (Fig. 8(c) ). As seen in Fig. 8(c) , the frequency spectrum is primarily composed of the primary gear mesh frequency (fl = 4.7 kHz), harmonics of the mesh frequencies, and the corresponding sidebands about these frequencies. The non-uniform geometry of the thin rim gear coupled with the added compliance associated with the thin rim will tend to produce a more complex meshing pattern than a standard rim gear. This is illustrated in the plots shown in Fig. 9 . All of the plots in this figure are of the last data point for each run, thus complete rim fracture has occurred for runs i and 2 (Figs. 9(a) and (b)), and complete tooth fracture has occurred for run 33 (Fig. 9(c) ). The tooth fracture induced impulse seen in Fig. 9 
